Abstract-We propose and demonstrate an all-fiber, synchronously pumped Raman laser based on phosphosilicate fiber (P-doped fiber) for deep tissue multiphoton imaging. The laser operates in a dissipative soliton regime and produces 2.2-ps chirped pulses (compressible to 317 fs) with energy up to 9.2 nJ, 0.3-W average power, and 1240-nm center wavelength. We have also found a new cross-polarization Raman lasing operation that offers access to an important wavelength near 930 nm for calcium imaging.
In this Letter, we investigate an approach to produce femtosecond, all-fiber laser source at near 1300 nm based on the relatively large Raman shift of a phosphosilicate fiber (P-doped fiber). The resonant Raman frequency shift is 39.6 THz, which is much larger than the Raman shift of standard SiO 2 bond (13.2 THz) [11] . This larger Raman shift offers a possibility to reach near 1300 nm by pumping with well-established picosecond Yb 3+ -doped fiber (YbDF) lasers [12] , [13] . The advantage of pumping by a picosecond source is that it is easier to achieve synchronization of the two cavities and no active cavity length stabilization is required due to the long duration of the pulses. High energy pulses can be achieved by operating the Raman laser in normal dispersion regime [14] [15] [16] . Previously, synchronously pumped Raman lasers using P-doped fiber have been reported in [12] and [13] . Compared to [12] , our system produces orders of magnitude shorter pulses; therefore, the peak power is much higher making our laser suitable for multiphoton imaging. Compared to [13] , we have achieved six times higher pulse energy and much shorter pulses. We have also done numerical modeling as well as observed the cross polarization mode of operation in synchronously pumped Raman fiber laser (discussed below) for first time. In addition, we introduce an all-fiber spectral filter based on birefringence of polarization maintaining fibers.
II. LASER SETUP
The laser setup has all polarization maintaining (PM) design and incorporates two main parts including a picosecond YbDF pump laser source centered at 1061nm and a ring cavity for the Raman laser (Raman cavity). The picosecond pump source includes a standard mode-locked oscillator (Yb-oscillator), a preamplifier to provide enough input power to saturate a high-power cladding pumped main amplifier [17] (Fig. 1 (a) ). The Yb-oscillator in the pump laser system is a standard soliton picosecond fiber oscillator [17] . It contains a semiconductor saturable-absorber mirror (SESAM), a chirped fiber Bragg grating, providing anomalous dispersion, and a PM fiber-coupled delay line for synchronizing the two cavities. The oscillator generates 3 mW average power and 5.1 ps nearly transform-limited pulses at 32.5 MHz repetition rate. The full width at half maximum (FWHM) spectral bandwidth is ∼0.2 nm. The output spectrum and autocorrelation trace of the oscillator are shown in Fig. 1 (b) . The preamplifier is a core-pumped YbDF amplifier. In order to avoid nonlinear effects, the preamplifier output is limited to about 10 mW. The cladding pumped high power main amplifier contains 1 m of 10/125 µm double-clad YbDF. The slope efficiency of this amplifier is 60%. It can supply up to 5 W output power with relatively small amount of nonlinear phase distortion to the pump pulses. The output spectrum and output power calibration of the main amplifier are shown in Fig. 1 (c) and (d). As the output power increases, the spectral bandwidth is broadened due to self-phase modulation (SPM). In order to avoid nonlinear distortion, the main amplifier is placed inside the Raman cavity, as close as possible to the Raman gain P-doped fiber. The schematic diagram of the Raman cavity is shown in Fig. 2 (a). It includes a PM 1060/1200 nm WDM followed by the main YbDF amplifier (which contains a high power, pump-signal combiner and the double-clad YbDF (DCYbF)), 40 cm (optimal length found from simulation, discussed below) of 5/125 µm P-doped fiber (10 mol % of P 2 O 5 ), a PM 10/90 fused output coupler (90% output) and an all-fiber spectral filter which includes a fiber coupled linear polarizer (LPol).
In a ultrafast laser system operating in normal dispersion regime, the spectral filter has a vital role to produce a stable solution [14] [15] [16] . The Raman line width of P-doped fiber is relatively narrow [11] ; therefore, there is a possibility that the Raman gain works as a spectral filter inside the cavity. However, in our system the pump is broadened due to SPM before reaching the P-doped fiber. This broad pump spectrum induces spectral broadening of the Raman gain; thus, the system requires additional spectral filter. In this work, we designed and built an all-fiber, spectral filter based on birefringence of PM fibers. As shown in Fig. 2 (b) , a piece of PM980 fiber (birefringent fiber) was spliced with 45°offset inside the cavity. When the laser beam reaches the birefringent fiber, it is split into two orthogonal polarization axes of the fiber and then they are combined back at the end of the fiber. The polarizer blocks one of two axes in order to observe interference. The transmission is 100% at the peak wavelength of the constructive interference. The interference bandwidth at given peak wavelength depends inversely on length of the birefringent fiber [18] . 10 cm birefringent filter, which provides 17.5 nm FWHM bandwidth and 1238 nm central wavelength, performs best in our system. At given length of the birefringent fiber, the peak wavelengths of constructive interference depend on the beat length of the fiber. A typical beat length range of PM fibers is several millimeters. Thus, after getting approximate bandwidth, we cut back so as to reach our required central wavelength. The spectral response of the filter used in our Raman cavity is shown in Fig. 2 (c) .
III. NUMERICAL SIMULATION RESULTS
To get insights into the operation of the Raman laser and find optimal operating parameters (Raman gain fiber length, placement of the DCYbF amplifier, etc.), we performed numerical simulation in Matlab by solving the nonlinear Schrödinger equation (NLSE) of pulse propagation through optical fibers in the Raman laser cavity using the well-established split-step Fourier method [19] . The simulated cavity contains DCYbF, P-doped and PM980 fibers. The cavity loss is counted the same as the experimental cavity loss. For the sake of simplicity, the fiber characteristics such as group velocity dispersion (GVD) and the mode field diameter were assumed the same as their non-PM versions. The Raman response function and the Raman fraction of the P-doped fiber were taken from [20] . The Raman response function and the Raman fraction of DCYbF and PM980 fiber were assumed to be the same as those of a standard silica fiber and taken from [21] .
The best found results are shown in Fig. 3 . The initial pump pulse is a transform limited Gaussian pulse with FWHM duration of 5 ps, centered at 1060 nm, and has energy of 32.6 nJ. After 30 to 40 roundtrips the Stokes pulse energy converges ( Fig. 3 (a) ). The energy and the temporal evolution of the Stokes pulse through the cavity are shown in Fig. 3 (b) . The Raman pulse is stretched in time until it reaches the Raman gain fiber and then shortened due to the spectral filtering effect. In the simulation, the pump pulse is less distorted than in the experiment; therefore, the filtering effect of the Raman gain is larger than the effect of additional spectral filter. The pulse energy is constant over the cavity and amplified along the P-doped fiber as expected. Overall efficiency is ∼24%. Initial pump, residual pump and the Stokes pulse in time domain are shown in Fig. 3 (c) . It appears to us that in the current design, the cavity supports a 2.93 ps Stokes pulse, which is much shorter than the duration of the pump pulse. The conversion efficiency may be better if we use a shorter pump pulse. Overall, the simulation results helped get insights into the experimental results that we are going to discuss below.
IV. EXPERIMENTAL RESULTS
In the actual experiment, after synchronization is achieved by adjusting the delay line in the Yb-oscillator, the Raman cavity starts to lase due to the Raman gain of the P-doped fiber. We have set the orientation of the LPol in the cavity so that the pump and Stokes pulses had the same polarization. The threshold pump power of the Raman laser is about 900 mW. The overall conversion efficiency of the Raman laser is measured to be 21% at close to saturation regime of the Raman gain. The conversion slope efficiency is 65%. The low overall efficiency and the higher threshold pump power are caused in part by the high cavity loss which is induced by the losses of splices between different fibers and components inside the Raman cavity. The output power calibration and the spectrum of the Raman laser are shown in Fig. 4 (a) and (b) . The shape of the Stokes pulse's spectrum proves that the Raman laser is operating in the dissipative soliton (or normal dispersion) regime. The Stokes pulses are highly chirped and its spectrum's evolution versus its average output power is shown in Fig. 5 .
When the output power is low, the shape of the spectrum is more rectangular and broadens as the output power increases. Due to the high nonlinear response of the P-doped fiber (which has 5 µm core diameter), the Stokes pulse becomes noiselike (NL) at higher than 1.4 W pump power. We can see the transition between the coherent and the NL regimes in terms of the output power (Fig. 4 (a) ) and in terms of the spectrum in Fig. 5 (The noise-like regime tends to have a spectrum with smoother edges). The slope efficiency of the noise like regime is about 50% which is smaller than the coherent regime. The highest output power of the coherent regime is ∼300 mW which corresponds to 9.2 nJ pulse energy with about 20 nm spectral bandwidth at full width at half maximum (FWHM). At this power level, the duration of the pulses directly from the Raman cavity is measured to be 2.176 ps. After using a transmission grating pair compressor, it is compressed down to 317 fs duration. The time-bandwidth product of the compressed pulse is about 1.2 which is quite far from the transform limit. This could be due to the acquired nonlinear chirp that was not compensated. The autocorrelation traces (before and after the compression stage) of the coherent and the NL modes are shown in Fig. 6 . We observed significant amplitude fluctuations when the Raman laser operated in NL regime.
We have also observed a new Stokes lasing operation based on cross-polarization gain of P-doped fiber. The spectrum is shown in Fig. 7 .
We achieved this regime of operation when the transmission axis of the polarizer in the Raman cavity was rotated by 90°( so that the P-doped fiber is pumped in one polarization axis and the Stokes signal is resonant in the orthogonal axis with regards to the pump's polarization). As shown in Fig. 7 , another signal centered at around 930 nm is generated in this mode of operation. The frequency shift from the pump is about 39.6 THz. Therefore, we assumed that this peak was the anti-Stokes peak. The WDM inside the cavity is based on micro-optics and cleans out wavelengths shorter than 1100 nm. Thus, the anti-Stokes peak is not a cavity resonant lasing mode. This 930 nm peak appeared only when the cavity was synchronized for the orthogonal Stokes lasing operation. The synchronization was achieved at a slightly different delay compared to the parallel polarization operation due to difference in the net effective index of the two different polarization axes (fast and slow). Polarization measurements of two operations are shown in Fig. 8 . In the orthogonal polarization operation, the Stokes and the anti-Stokes have same polarization direction which is orthogonal to the pump polarization. Currently, there is no report on the measurement of cross-polarization Raman gain of the P-doped fiber. However, the cross-polarization gain corresponding to ∼1300 cm −1 shift of the vitreous P 2 O 5 glass is equal to about 20% of its parallel-polarization gain [22] . This is a relatively large percentage compared to the crosspolarization Raman gain of the 440 cm −1 shift of silica fibers which is less than 5% [23] . The strong anti-Stokes amplification supports the fact that the pump, the Stokes and the anti-Stokes have a good phase matching condition. We will report more progress on this lasing operation in the near future. We think this mode of operation is interesting since it provides an access to both 1300 nm wavelength for deep tissue imaging and also to 930 nm for calcium imaging [24] , [25] simultaneously.
V. CONCLUSION AND DISCUSSION
We have demonstrated a compact, robust, alignment free, synchronously pumped dissipative soliton Raman laser for deep tissue imaging. The Raman laser produces highly chirped dissipative soliton pulses at 1240 nm. The pulse energy is 9.2 nJ, which corresponds to 300 mW average power. The Stokes pulses are compressed to 317 fs using a transmission grating pair compressor. Coherent and NL regimes were observed and fully characterized. The numerical simulation results were in agreement with the experimental results. We have designed an all fiber and lossless spectral filter, which is a vital component of lasers operating in a normal dispersion regime. We have also observed a cross polarization Raman lasing operation in P-doped fiber, which produces two important wavelengths: 930 nm for calcium imaging and 1240 nm for deep tissue imaging, at same time.
